Brassinosteroids (BRs) are a group of naturally occurring plant steroids with structural similarities to insect and animal steroid hormones.
Recent molecular genetic studies of BR action have revealed that these compounds regulate gene expression and are essential for normal plant growth and development. [3] [4] [5] [6] However, to understand the mechanism by which BRs regulate the growth and development of plants, it is necessary to identify proteins regulated by BR.
Lamina inclination, which resembles the epinasty phenomenon caused by ethylene, is the result of the greater cell expansion of adaxial cells relative to the adorsal cells in the joint region. 7, 8) A change in cell wall extensibility or loosening is necessary for cell expansion. 9) Xyloglucan endotransglycosylase, a cell wall-loosening enzyme, has been shown to be up-regulated by brassinolide (BL) in rice (Oryza sativa L.). 10) Although the molecular basis for cell wall modifications is in large part unknown, it is possible that BL and its induced ethylene might work in sequence or together, resulting in lamina inclination. In addition, treatment with nanomolar or micromolar concentrations of BL, respectively, promotes or inhibits the growth of rice roots. 11) However, there is still little information about proteins induced by BRs in rice plants.
High-resolution two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) is very useful for separating complex protein mixtures, 12) and sequence analysis of protein separated by 2D-PAGE became possible with the gas-phase protein sequencer. Computer-aided image analysis and 2D-PAGE have contributed to the development of the rice protein database. [13] [14] [15] [16] [17] The techniques of proteome analysis have been employed to study alterations in rice cellular protein expression in response to various stimuli or as a result of differentiation and development. 18, 19) The study of partial amino acid sequence analysis of plant proteins will contribute greatly to the field of molecular biology for the identification of proteins through homology search. The information thus obtained from amino acid sequencing of these proteins will be helpful in predicting the function of the proteins and for molecular cloning in future experiments. Moreover, knowing which proteins are being synthesized in rice seedlings under a variety of physiological conditions can lead to identifying the roles of those proteins. Furthermore, 2D-PAGE separation and analysis provide a convenient way to study the various proteins that are present or induced in rice seedlings under different growth conditions, both normal and under stress.
In this study, we investigated the rice lamina joint and root proteins induced by treatment with BL using proteome analysis techniques. The effects of BL concentration on intact lamina inclination and root growth in rice were examined and the N-terminal amino acid sequences of proteins increased and decreased by BL treatment were determined. The function of these proteins and the relationship between BL and ethylene after the amino acid sequences determined here were compared with those of known proteins.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Rice (Oryza sativa L., cv. Nipponbare) seedlings were grown under fluorescent white light (about 600 mmol m Ϫ2 s
Ϫ1
, 12-h light period d
) at 25°C and 70% relative humidity in a growth chamber until use in the following experiments.
Chemicals BL and ethephon purchased from Wako Pure Chemical Industries (Osaka, Japan) were dissolved in dimethyl sulfoxide (DMSO) as stock solutions.
Lamina Inclination Assay BL solution containing 0.1% (v/v) DMSO and 0.1% (v/v) Tween-20 was applied to the lamina joint region of 7-d-old rice seedlings after germinating. Water containing 0.1% DMSO and 0.1% Tween-20 was used as the control. After 72 h, the inclination angle of the lamina joint was measured using a semicircular protractor.
Root Growth Assay The germinated seeds were sown in polypropylene conical tubes filled with soil and BL solution containing 0.1% DMSO. Water containing 0.1% DMSO was used as the control. After 72 h, the seedlings were removed from each tube and root lengths were measured.
BL and Ethephon Treatment and Preparation of Protein Extract Lamina joint segments, excised from 8-d-old seedlings, were floated on BL 1 mM or ethephon 10 mM containing 0.1% DMSO in 60ϫ15 mm Petri dishes. These segments were incubated under continuous light at 25°C for 48 h. A portion (50 mg) of the lamina joint segments was homogenized with 300 ml of lysis buffer containing 8 M urea, 2% (v/v) Nonidet P-40, 2% (w/v) Ampholine (pH 3.5-10.0; Amersham Pharmacia Biotech, Uppsala, Sweden), 5% (v/v) 2-mercaptoethanol, and 5% (w/v) polyvinyl pyrrolidone-40 using a glass mortar and pestle. The homogenate was centrifuged at 15000 rpm for 5 min and then for 10 min in an RA-50JS rotor (Kubota, Tokyo, Japan), and 80 ml of the supernatant was subjected to 2D-PAGE.
Root segments with a part of the shoot, excised from 12-dold seedlings, were immersed in BL 0.01 mM or ethephon 10 mM containing 0.1% DMSO in 90ϫ15 mm Petri dishes. These were incubated under dark condition at 25°C for 48 h. A portion (400 mg) of the excised roots was homogenized with 1 ml of phosphate buffer 15) using a glass mortar and pestle on ice. The homogenate was centrifuged at 15000 rpm at 4°C for 10 min, and 50% (w/v) trichloroacetic acid was added to the supernatant to a final concentration of 10%. The solution was kept for 30 min on ice and centrifuged at 15000 rpm at 4°C for 10 min. The resultant precipitate was washed with 100 ml of iced ethanol, suspended in 100 ml of lysis buffer, and sonicated for 2 min twice. The solution was centrifuged at 15000 rpm for 5 min, and 90 ml of the supernatant was subjected to 2D-PAGE.
Gel Electrophoresis Prepared samples were separated in the first dimension using isoelectric focusing (IEF) or immobilized pH gradient (IPG) tube gel (Daiichi Pure Chemicals, Tokyo, Japan) and in the second dimension by sodium dodecyl sulfate (SDS)-PAGE. IEF tube gel of 11 cm long and 3 mm in diameter was prepared. IEF gel solution consisted of 8 M urea, 3.5% (w/v) acrylamide, 2% Nonidet P-40, 2% Ampholine (pH 3.5-10.0 and pH 5.0-8.0), ammonium persulfate, and N,N,NЈ,NЈ-tetramethylethylene diamine. The sample overlay buffer consisted of 20 ml of 1/2 lysis buffer. Electrophoresis was carried out at 200 V for 30 min, followed by 400 V for 16 h and 600 V for 1 h. For IPG electrophoresis, samples were applied to the acidic side of gels, the sample overlay buffer consisted of 20 ml of 1/2 lysis buffer, and electrophoresis using IPG tube gels (pH 6.0-10.0) of 11 cm long and 3 mm in diameter was carried out at 400 V for 1 h, followed by 1000 V for 16 h and 2000 V for 1 h.
After IEF or IPG, SDS-PAGE in the second dimension was performed using 17% polyacrylamide gel and 5% stacking gel at a constant current of 35 mA. The gels were stained with Coomassie brilliant blue (CBB) R 250, and image analysis was performed. Images of 2D-PAGE were synthesized and the positions of individual proteins on the gels were evaluated automatically using ImageMaster 2D Elite Software (Amersham Pharmacia Biotech). The isoelectric point (pI) and relative molecular mass (M r ) of each protein were determined using 2D-PAGE Markers (Bio-Rad, Richmond, CA, U.S.A.).
Cleveland Peptide Mapping Following separation by 2D-PAGE, gel pieces containing protein spots were removed and the protein was electroeluted from the gel pieces using an electrophoretic concentrator (ISCO, Lincoln, CA, U.S.A.) at 2 W constant power for 2 h. After electroelution, the protein solution was dialyzed against deionized water for 2 d and lyophilized. The protein was dissolved in 20 ml of SDS sample buffer (pH 6.8) and applied to a sample well in an SDS-PAGE gel. The sample solution was overlaid with 20 ml of a solution containing 10 ml of Staphylococcus aureus V8 protease (Pierce, Rockford, IL, U.S.A.) (0.1 mg ml Ϫ1 ) in deionized water, and 10 ml of SDS sample buffer (pH 6.8). Electrophoresis was performed until the sample and protease were stacked in the stacking gel, interrupted for 30 min to digest the protein, and then continued.
20)
N-Terminal and Internal Amino Acid Sequence Analysis and Homology Search of Amino Acid Sequences Following separation by 2D-PAGE or by the Cleveland method, the proteins were electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Fluorotrans; Pall Bio Support Division, Port Washington, NY, U.S.A.) using a semidry transfer blotter (Nippon Eido, Tokyo, Japan), and detected by CBB staining.
16) The stained proteins were excised from the PVDF membrane and subjected to a gas-phase protein sequencer (Procise 494; Applied Biosystems, Foster City, CA, U.S.A.). The amino acid sequences obtained were compared with those of known proteins in the Swiss-Prot, PIR, Genpept, and PDB databases with the Web-accessible search program FastA.
Matrix-Assisted Laser Desorption/Ionization Time-ofFlight Mass Spectrometry (MALDI-TOF MS) Analysis
The CBB-stained protein spots were excised from gels, washed with 25% (v/v) methanol and 7% (v/v) acetic acid for 12 h at room temperature, and destained with 50 mM NH 4 HCO 3 in 50% methanol for 1 h at 40°C. Proteins were reduced with DTT 10 mM in NH 4 HCO 3 100 mM for 1 h at 60°C and incubated with iodoacetamide 40 mM in NH 4 HCO 3 100 mM for 30 min at room temperature. The gel pieces were minced and allowed to dry and then rehydrated in NH 4 HCO 3 100 mM with 1 pmol of trypsin (Sigma, St. Louis, MO, U.S.A.) at 37°C overnight. The digested peptides were extracted from the gel slices with 0.1% (v/v) trifluoroacetic acid in 50% (v/v) acetonitrile/water three times. The peptide solution thus obtained was dried and reconstituted with 30 ml of 0.1% trifluoroacetic acid in 5% acetonitrile/water and then desalted with ZipTip C18 TM pipette tips (Millipore, Bedford, MA, U.S.A.). MALDI-TOF MS was performed using a Voyager TOF mass spectrometer (Applied Biosystems, Framingham, MA, U.S.A.). The above peptide solution was mixed with the matrix solution, the supernatant of a 50% acetonitrile solution saturated with a-cyano-4-hydroxycinnamic acid, and then air-dried on the flat surface of a stainless steel plate. The mass spectra were subjected to sequence database search using Mascot software (Matrix Science Ltd, London, U.K.).
RESULTS
Lamina Inclination and Root Growth Are Regulated by BL in Rice Seedlings
BL solution was applied to the lamina joint region of 7-d-old rice seedlings after germination, and they were grown in a growth chamber for 72 h. The extent of lamina inclination is caused by different concentrations of BL (Figs. 1A, B) . BL promoted intact green lamina inclination and the promotion was concentration dependent. Little measurable promotive effect occurred at BL 0.01 mM, whereas there was an approximately 5-fold and 10-fold increase in lamina inclination at BL 0.1 mM and BL 1 mM, respectively, as compared with the control, and these differences were significant (Fig. 1B) .
The germinated seeds were grown with soil containing BL in a growth chamber for 72 h. Root growth was influenced by different concentrations of BL (Figs. 1C, D) . On the other hand, little change in shoot length with different concentrations of BL was observed (Fig. 1C) . BL promoted or inhibited root elongation and the influence was concentration dependent. There was an approximately 12% increase in root elongation at BL 0.01 mM, and the root growth was inhibited at BL 0.1 and 1 mM as compared with the control, and these differences were significant (Fig. 1D) .
2D-PAGE Separation of Proteins of Rice Lamina Joint and Root is a Powerful Analytical Tool
High-resolution 2D-PAGE is very useful for separating complex protein mixtures. 12) Proteins extracted from lamina joints ( Fig. 2A) or roots (Fig. 3A ) of rice were separated in the first dimension by IEF or IPG and in the second dimension by SDS-PAGE. Images of 2D-PAGE were synthesized (Figs. 2A, 3A) and the positions of individual proteins on the gels were evaluated automatically (data not shown) using ImageMaster 2D Elite Software. In 2D-PAGE images, pI 3.5-6.0 is from the separation using IEF, pI 6.0-9.0 is from the separation using IPG, and no protein spots in the rice lamina joint and root were detected at pI 9.0-10.0. SDS-PAGE was carried out in the M r range of 10-100 kDa. A total of 786 and 508 proteins were detected in 2D-PAGE patterns of the rice lamina joint and root, respectively. About 90% of the visible proteins detected by 2D-PAGE occurred at pI 4.0-7.5.
Twenty-One Proteins Increased or Decreased with BL Treatment Since the effective concentrations of BL were confirmed based on the morphological changes shown in Fig.  1 , lamina joints were treated with BL 1 mM and roots were treated with BL 0.01 mM. Following protein extraction, 2D-PAGE was carried out (Figs. 2B, 3B ) and 2D-PAGE patterns of proteins in tissues treated with BL were compared with the respective control patterns. Eight proteins (spots LJ348, LJ417, LJ528, LJ566, LJ591, LJ595, LJ738, and LJ742) increased and one protein (spot LJ580) decreased in the lamina joints (Fig. 2) , six proteins (spots RO207, RO209, RO262, RO297, RO370, and RO504) increased and six proteins (spots RO274, RO279, RO357, RO403, RO477, and RO498) decreased in the roots (Fig. 3 ). Proteins were considered to increase or decrease when the relative volume of each (BL/control) was greater than 1.33 or less than 0.62 (Table  1) . Protein patterns resulting from triplicate protein extractions and triplicate 2D gels were compared to ensure reproducibility. The separated proteins were electroblotted onto a PVDF membrane and analyzed using a gas-phase protein sequencer (Table 1) . N-terminal amino acid sequences of nine out of 21 proteins were determined in this manner and internal amino acid sequences of RO207, RO209, and RO504 were determined by sequence analysis of peptides obtained using the Cleveland peptide mapping method. The sequences determined here were compared with those of known plant, animal, and microorganism proteins in the Swiss-Prot, PIR, Genpept, and PDB databases ( Table 1 ). The amino acid sequences of 12 proteins were found to be identical to those of proteins previously reported. Some of these proteins were relatively homologous to those from plants and microorganisms, such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH; LJ417 AC Q59800), ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (RuBisCO LSU; LJ580 AC P30828, LJ738 AC P30828, and LJ742 AC P30828), glutathione S-transferase (GST; LJ595 AC P31671 and RO370 AC P12653), aldolase C-1 (RO209 AC D50301), antifungal protein R (RO403 AC P33044), superoxide dismutase (SOD) [Cu-Zn] (RO477 AC P28756 and RO498 AC P11428), and type-1 pathogenesis-related (PR-1) protein (RO504 AC Z48728). In addition, proteins such as tubulin (LJ348 AC AF030548), homeodomain leucine zipper protein (LJ528 AC AF145727), dihydroflavonol 4-reductase (LJ566 AC AB003496), pyruvate decarboxylase 1 (LJ591 AC U07339), MADS box-like protein (RO262 AC AB003328), calmodulin (RO274 AC L18914), NBS-LRR type resistance protein (RO279 AC AF032703), alpha-subunit of GTP-binding protein (RO297 AC AB028603), and OSR40 protein (RO357 AC Y08987) were identified by MALDI-TOF MS analysis.
Two of 21 Proteins Changed by BL Treatment Are Regulated by Ethephon
To investigate the relationship between BL and ethylene, lamina joints and roots were treated with ethephon 10 mM generating ethylene, proteins were extracted, and 2D-PAGE using IEF in the first dimension was carried out (Fig. 4) . The 2D-PAGE patterns of proteins in tissues treated with ethephon were compared with the respective control patterns. Protein LJ580, which showed homology to RuBisCO LSU, decreased in lamina joints, and protein RO274 was likely to have amino acid sequences of calmodulin increased in roots. Although 2D-PAGE using IPG in the first dimension was also carried out, six proteins (spots LJ528, LJ566, RO207, RO209, RO297, and RO403) were not changed by ethephon treatment (data not shown).
DISCUSSION
The bending assay of lamina joints excised from rice seedlings is a sensitive and concentration-dependent bioassay for BR. 21, 22) The bending of rice lamina caused by BR is probably accompanied by a greater growth of the upper surface of the lamina joint region. The application of BL to the lamina joint region of rice seedlings caused marked lamina inclination (Figs. 1A, B) . BL supplied to the scutellum medium stimulates the growth of roots excised from rice at a concentration of 0.01 mM, while application of the same concentration to the root medium is found to be markedly inhibitory.
11) After BL treatment of germinated rice seeds under intact conditions, root growth changed (Figs. 1C, D) . BL promoted or inhibited root elongation and the influence was concentration dependent. There was an approximately 10-fold increase in lamina inclination at BL 1 mM and an approximately 12% increase in root elongation at BL 0.01 mM as compared with the control. These results indicate that the lamina joint region and roots of rice seedlings were markedly influenced by 1 mM and 0.01 mM BL, respectively, and proteins involved in the actions that were triggered by BL might change in the tissues.
A total of 786 and 508 proteins extracted from rice lamina joints and roots, respectively, were detected by 2D-PAGE when the first dimension was IEF or IPG, and the second dimension was SDS-PAGE (Figs. 2, 3) . Although clear images were obtained at pI 3.5-6.0 from 2D-PAGE using IEF tube gel including ampholytes for the first dimension, it was difficult to detect the basic proteins exactly. Therefore electrophoresis using IPG tube gel (pH 6.0-10.0) was carried out to separate the proteins on the basic side. Approximately 90% of the visible proteins detected by 2D-PAGE occurred at pI 4.0-7.5, and there were many proteins not only at pI 4.0-6.0 but also at pI 6.0-7.5. Since the same samples were subjected to IEF and IPG, and the equipment for electrophoresis were also the same, 2D-PAGE images could be synthesized and the positions of individual proteins on the gels were evaluated comprehensively and automatically with ImageMaster 2D Elite Software. The technique of differential protein display with 2D-PAGE using IPG strips can monitor global changes that occur in the protein expression of a tissue or an organism. 23, 24) In this study, electrophoresis with IEF or IPG tube gel was carried out in the first dimension, because samples prepared with lysis buffer to extract rice proteins did not need to be desalinated and the procedure for 2D-PAGE was smooth. With fewer lost proteins, many protein spots of the rice lamina joints and roots were detected in 2D-PAGE images in a wide pI range to combine IEF with IPG.
Using the experimental proteome approach, the amino acid sequences of 12 proteins determined here were compared with those of known proteins in databases, and thus the functional proteins related to lamina inclination or root growth in rice seedlings were identified (Table 1) . N-terminal amino acid sequences of 12 of 21 proteins changed by BL treatment could not be determined and they were inferred to have a blocking group at the N-terminus. This result is generally consistent with the report that 134 rice proteins were subjected to sequencing, and 79 proteins (59%) were found to have blocked N-termini. 14) RuBisCO is the most abundant soluble leaf protein playing a key role in photosynthetic carbon assimilation. 25) Although RuBisCO LSU of 49 kDa 18) did not appear to change with BL treatment, fragments of RuBisCO LSU (LJ580, LJ738, LJ742) changed with BL treatment. Stress results in necrosis in leaves and leaf sheaths, which is accompanied by drastic reductions in RuBisCO subunits. 26) In this study, it appeared that degradation of RuBisCO LSU (LJ580, LJ738, LJ742) was due to BL treatment, and lamina inclination to receive the light more than usual might be associated with the degradation of RuBisCO LSU. GAPDHs are ubiquitous enzymes involved uniformly in glycolysis and gluconeogenesis 27, 28) and in the carbon reduction cycle of photosynthetic organisms. 29) It is likely that cell elongation caused by BR has a relationship with GAPDH (LJ417).
SOD catalytically scavenges superoxide radicals, which appears to be an agent of the toxicity of oxygen, and thus provides a defense against this aspect of oxygen toxicity. 30) Antifungal protein R (AC P33044) is a thaumatin-like (PR-5) protein from barley grain, 31) and PR proteins constitute lines of defense against pathogen or pest attack. BL is likely to influence SOD (RO477, RO498) and antifungal protein R (RO403) because exogenous BR treatment is effective in stressful rather than optimal conditions in general.
2) PR-1 protein (RO504) induced by BL plays a role in the defense against stress. Since BR application to crops helps to overcome environmental stress and BR has been evaluated to convey stress tolerance and disease resistance, 1) investigations of the relation between BR and proteins related to various stresses are important.
Proteins that showed homology to GST increased in both the lamina joint and root with BL treatment. Plant GSTs attach glutathione to electrophilic xenobiotics, which tags them for vacuolar sequestration, 32) and are essential for the isomerization of specific metabolites. Additionally, GSTs with high affinity for auxins 33) and cytokinin 34) have been suggested to contribute to hormone homeostasis. Since two proteins (LJ595 and RO370) that showed homology to GST increased with BL treatment, it is probable that GST plays a role in the functions of BL.
BR causes lamina inclination and ethylene production in the rice lamina joint region, 8) and ethylene may be involved in BR-induced epinasty. In addition, ethylene is an important component of the signal transduction chain in plants under stressed conditions. 35) Protein LJ580 showed homology to RuBisCO LSU and decreased with ethephon treatment (Fig.  4A) , suggesting that ethylene causes degradation of RuBisCO LSU and that the effect of BL on RuBisCO LSU may be transmitted through ethylene production. Protein RO274, which decreased in roots treated with BL 0.01 mM and was likely to have amino acid sequences of calmodulin, increased as a result of ethephon treatment (Fig. 4B) . Ca 2ϩ ions are important second messengers in a variety of cellular signaling pathways, and calmodulin containing EF-hand Ca 2ϩ binding motifs is a ubiquitous Ca 2ϩ sensor that binds and regulates protein kinases along with many other proteins in a Ca 2ϩ -dependent manner. 36, 37) Although there is a possibility that protein RO274 plays a role in signaling pathways for regulating root growth, it is not clear whether the increase and decrease in protein RO274 are related to the inhibition and promotion of root elongation, respectively.
The information obtained on the amino acid sequences compared with those of known plant, animal, and microorganism protein sequences is expected to be helpful in predicting the function of these proteins relating to the action triggered by BL.
